The concept of neuronal polarity originates in the schematic view that information released in the form of a chemical signal by axon terminals is received by the dendrites of another neuron and forwarded to the cell body, where it is integrated before being conveyed to the axon. Although this idea of a uniform directionality of the flow of information is naive, it does suggest that axons and dendrites are different, and thereby has stimulated several studies aimed at understanding the molecular and structural bases of this difference.
While understanding how neuronal polarity is created and maintained is of interest primarily to developmental and cell biologists, it is also important for those interested in the molecular and cellular bases of animal behavior, since the general geometry of the neurons is an important parameter for the functioning of neuronal circuits. Moreover, the shape of axonat and dendritic teminals is not fixed forever following synaptogenesis, but rather remains highly plastic; the morphological changes observed throughout adulthood are directly correlated with neuronal activity. It is thus possible that identifying factors that can modify axonal or dendritic elongation or morphology during neuronal development might yield some clues for a better understanding of higher brain functions such as learning and memory.
Axons and Dendrites
Only the major differences between axons and dendrites are discussed in this section, and possible exceptions related to a given neuronal type will not be described. At the optical level, axons are long and thin, their diameters do not change with distance from the cell body, and they branch at right angles. Intensive branching generally occurs distally, as they invade a target territory. In contrast, dendrites are shorter (again there are exceptions) and quite thick at their origin, but they taper rapidly as they produce several branches (for a review, see Craig and Banker, 1994 ).
Seen at the ultrastructural level, dendrites contain almost all of the organelles that can be found in the cell body cytoplasm. In particular, the presence of free and membrane-bound ribosomes suggests that dendrites are the site of intense protein synthesis. This idea is corroborated by experiments demonstrating the presence of mRNAs in the dendrites. Interestingly, only mRNAs coding for dendrite-specific proteins can be found, suggesting the existence of mRNA sequences specific for dendrite addressing (Craig and Banker, 1994) . Beyond the axon hillock, there are few exceptions to the virtual absence of ribosomes and mRNAs in the axon. The absence of protein synthesis in the axon renders the renewal of the molecular elements of the nerve terminal dependent upon mechanisms capable of transporting proteins and vesicles a long distance from their site of synthesis or assembly.
Another interesting ultrastructural difference is the orientation of the microtubules (Baas et al., 1989) . Microtubules are oriented polymers with plus and minus ends. Microtubular orientation, random in the dendrites, is uniform in the axon, with the minus end proximal to the cell body. The latter point is important, not only for understanding intracellular transport but also because microtubules are at the origin of intracellular compression forces. Therefore, as will b-e discussed below, this difference in disposition may bear consequences for the distinct strategies of growth between axons and dendrites.
Although this review focuses on the differences that relate to the ontogeny of the two compartments, it must be kept in mind that there are many more differences associated with the distinct physiological functions of axons and dendrites, such as subtypes for neuromediator receptors enriched in a given compartment. Microtubule-associated proteins MAP2 and tau are respectively enriched in dendrites and axons (Craig and Banker, 1994) . Strategies aimed at eliminating these proteins specifically inhibit the in vitro outgrowth of the corresponding compartment, indicating that the regulation of the synthesis of these molecules is likely to act on the rate of growth of the cell domain in which they are present (Caceres et al., 1992) . Aside from tau, other proteins enriched in the axon and involved in its elongation are GAP-43 and SNAP-25 (Craig and Banker, 1994; Osen-Sand et al., 1993) .
Axons and dendrites also differ at the molecular level by the proteins expressed at their surfaces. This implies that there are specific mechanisms for the addressing of Golgi-derived vesicles to either compartment. The examination of this particular point of neuronal physiology has benefited from the analogy drawn between epithelial cells and neurons. In fact, based on some very elegant experiments, it has been suggested that axons and dendrites are the respective equivalents of the apical and baso-lateral domains of the epithelial cell (reviewed in RodriguezBoulan and Powell, 1992) . Although this analogy does not hold for all polarity markers and should thus be viewed with some caution, it is often valid. In particular, many molecules anchored at the cell surface by a glycolipid moiety are enriched in the axon and in the apical domain of epithelial cells (Rodriguez-Boulan and Powell, 1992) . Another interest of the analogy is that it has encouraged the search for and study of addressing molecules, in particular the small GTP-binding proteins of the rab family. It was demonstrated that while rab3, a protein associated with regulated vesicular exocytosis is indeed enriched in the developing axon (Mundigl et al., 1993) , rab8 is primarily dendritic and may, as is the case for rab2, have an important role in the regulation of dendrite elongation (Ayala et al., 1990; Huber et al., 1995) .
Regulation of Neuronal Polarity
The most popular experimental protocol for the in vitro development of neuronal polarity was developed by Banker and his colleagues (reviewed in Craig and Banker, 1994) . It consists of growing, in a chemically defined medium, embryonic rat hippocampal neurons that are placed in the close vicinity of a coverslip covered with astrocytes. The defined medium prevents astrocyte overgrowth, whereas the astrocyte conditioned medium allows for long neuronal survival. As a result, the cells can develop almost all the characteristics of a well-polarized neuron, except for an axon hillock. This method, adopted and adapted by several workers in the field of cellular neurobiology, has been instrumental for obtaining several of the findings summarized above. In particular, it has permitted the demonstration of the specific transport of distinct proteins and mRNAs to the different compartments and the observation that MAP2 and tau are essential for the growth of dendrites and axons, respectively (reviewed in Craig and Banker, 1994) .
One of the main conclusions drawn from experiments using this procedure is that the hippocampal pyramidal neurons present several intermediate stages of development, from unpolarized to fully polarized. It has been proposed, for example, that very young neurites are equivalent until one of them starts elongating faster to become the axon, after which the other neurites are allowed to develop their dendritic phenotype. In this model, based both on morphological observations and on lesion experiments, the first neurites are plastic, and if the axon is lesioned at a short distance from the cell body, one of the other neurites can be reprogrammed to become an axon instead of a dendrite (Dotti and Banker, 1987) . In the context of this observation, it is very interesting to note that the ultrastructural analysis demonstrates that, in all the small "undifferentiated neurites," the microtubules are uniformly oriented with their minus end facing the cell body, as if they were immature axons (Baas et al., 1989) .
A second experimental protocol for the study of neuronal polarity was developed by Higgins and collaborators (Lein et al., 1995, and references therein) . This group has primarily worked on rat sympathetic neurons. These neurons are very useful because, in the presence of nerve growth factor, they can be kept for several weeks in culture, in the absence of serum and of satellite cells or satellite cell conditioned medium. This system is thus of particular interest because experiments can be performed in a completely defined medium; it is thus possible to evaluate the effects on dendritic or axonal elongation of the addition to the medium of specific cellular or molecular elements. Using these procedures, Higgins and colleagues observed that, in the absence of additives and in the presence of nerve growth factor, sympathetic neurons will only grow axons, and that even after several weeks of maturing, dendritic initiation will be blocked as long as nothing else is added to the culture. Interestingly, the addition of local satellite cells (primarily Schwann cells) or of serum (Tropea et al., 1992) will immediately stimulate rapid dendrite growth, as if the neurons had been waiting for a positive signal or for the removal of a negative one. The latter observation (schematized in Figure 1 ) was very much in favor of a separate regulation of axonal and dendritic initiation and matu ration. It strongly suggested that axonal initiation could be a"default pathway," whereas dendrite initiation and elongation might require a higher degree of regulation, thus implying the existence of factors that would specifically modulate dendrite growth and shape.
In the September issue of Neuron, Higgins and colleagues (Lein et al., 1995) establish that one such factor is osteogenic protein-1 (OP-1), a member of the transforming growth factor !3 (TGFI3) family also known under the name of bone morphogenetic protein 7 (BMP-7). The latter finding is of real interest, not only because the effect of OP-1 on dendrite elongation is so dramatic that it can really be considered to be a true dendrite growth factor, but also for reasons that will be developed in the next section.
A third protocol for the study of neuronal polarity is based on the culture of neurons from distinct regions of the embryonic brain in the presence of astrocytes or astrocyte conditioned medium from the same regions. In a striking parallel with the observations of Higgins and colleagues, it was established that dendrite initiation is regulated separately from that of the axon, and that local, and thus regionspecific, astrocyte-derived factors are responsible for this phenomenon (Denis-Donini et al., 1984; Chamak et al., 1987; Qian et al., 1992; Le Roux and Reh, 1994) . in a search in our laboratory for factors that might be responsible for this effect, our attention was focused primarily upon extracellular matrix molecules. Several molecules capable of specifically triggering axonal or dendritic growth were identified , and references therein). The effects were never as dramatic as those described by Higgins and colleagues; however, a strong positive correlation between dendrite initiation and adhesion could be established. We proposed that the initiation of the growth of dendrites, in contrast with that of axons, was highly dependent upon adhesion and required that a high adhesion threshold be attained. The rationale for this phenomenon, schematized in Figure 2 , is based on the work of Heinemann and colleagues (Zheng et al., 1991) It is proposed that dendrite (D) elongation is mediated by an increased adhesion to the substratum necessary to antagonize surface tension. Axon (A) growth would be less dependent upon adhesion because of the compression forces created by the uniform orientation of axonal microtubules.
as on our own experiments (reviewed in Prochiantz and Lafont, 1994) . It is proposed that neurite growth always occurs in the presence of surface tension and that the principal forces axons use to antagonize this tension are compression forces materialized by the uniform orientation of the microtubules (see above). In contrast, because microtubule orientation is stochastic within the dendrites, the latter neurites can elongate only if the surface tension is neutralized by adhesion forces.
Regional Specificity
In this issue of Neuron, Katz, Lo, and colleagues (McAIlister et al., 1995) bring more compelling evidence that dendrite morphology might be under local, region-specific, trophic control. A major interest of their study is the use of cortical slices, a technique that closely mimics an in vivo situation. Therefore, their demonstration that dendrite growth by neurons from different cortical layers is regulated by distinct neurotrophins lends more weight to the idea that the regulation of dendrite elongation is highly region specific. In this context, it is quite interesting to come back to the finding of the group of Dennis Higgins, that OP-1 regulates the growth of sympathetic neuron dendrites. Indeed, this protein belongs to a larger family (that of the TGFI~ molecules). These genes are expressed throughout development, and in particular, distinct BMP transcripts can be found in different and restricted regions of the developing nervous system (Lyons et al., 1995) . These molecules act through direct binding to a family of receptors; it seems that OP-1 (BMP-7) but not BMP-2 or BMP-4 stimulates dendrite growth by sympathetic neurons (Lein et al., 1995) . Because of the high combinatorial possibilities offered by the ligands and their receptors, it will be interesting to search for related factors that might regulate the growth of dendrites in other regions of the nervous system. It has been proposed that members of the TGF~ family regulate the synthesis of homeodomain-containing proteins (e.g., Steinbeisser et al., 1993) , a class of regionspecific transcription factors expressed in the nervous tissue at the time of neurite elongation and, to a lesser degree, during adulthood. If we consider that homeogenes can influence both neurite growth (reviewed in Prochiantz and Theodore, 1995) and the expression of adhesion molecules (N-CAM in particular; see Edelman and Jones, 1993) , and that OP-1 regulates the expression of L1 and N-CAM in a neuronal cell line (Perides et al., 1993) , it becomes plausible that a loop similar to that proposed in Figure 3 could be operating in the control of dendrite elongation. In this model, it is proposed that local satellite cells, through the synthesis of region-specific BMPs, will regulate the synthesis of homeodomain-containing proteins that would, in turn, regulate the synthesis of adhesion molecules, leading to an activation or an inhibition of dendrite growth (as depicted in Figure 2 ). It is not precluded that, in addition to BMPs, other local growth factors (e.g., neurotrophins), acting through the regulation of regionspecific transcription factors (not only homeoproteins), may also be involved in the regulation of dendrite geometry.
Perspectives
If we consider the model in Figure 3 , it will now be interesting to see whether the observation concerning OP-1 and sympathetic neurons can be extended to other cell types. For example, do members of the BMP family regulate the growth of dendrites by neurons from the hippocampus or from the mesencephalic flexure? In the event that the finding reported by Higgins and colleagues can be generalized to other neurons, then a strong molecular basis would be given for understanding the cellular interactions that regulate dendrite elongation, in particular their regional specificity. As suggested by the schema of Figure  3 , the search for the reciprocal regulation between BMPs (or other factors) and region-specific transcription factors (and their transcriptional targets) might be profitable.
Another important line of research will be to understand how molecules, polymers, and vesicles can be addressed to the axonal or dendritic compartments. This latter problem, which pertains to cell biology, will certainly benefit from the knowledge accumulated on yeast and epithelial cells, since many questions related to directed transport apply in similar terms to a large number of cell types (Rodriguez-Boulan and Powell, 1992) .
Finally, one should not forget that changes in neurite shape are not limited to the developmental period. Once the key players in the coding of dendritic and axonal morphologies have been identified, it will be interesting to understand how neuronal activity can modulate their concentration, localization, or structure, thus influencing the shape of local circuits. This will certainly provide a wider insight into our understanding of important aspects of brain physiology.
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